Extrauterine high-grade serous carcinomas can exhibit various histologic patterns including (1) classic architecture that is papillary, micropapillary and infiltrative and (2) solid, endometrioid, and transitional (ie, SET) patterns. Although the SET pattern has been associated with germline BRCA mutations, potential molecular underpinnings have not been fully investigated. DNA was isolated from 174 carcinomas of the fallopian tube, ovary, or peritoneum. Targeted next-generation sequencing was performed and single-nucleotide and copy number variants were correlated with morphologic subtype. Overall, 79% of tumors were classified as high-grade serous carcinoma (n = 138), and the most common mutations in high-grade serous carcinomas were TP53 (94%), BRCA1 (25%), BRCA2 (11%), and ATM (7%). Among chemotherapy-naive high-grade serous carcinomas, 40 cases exhibited classic morphology and 40 cases had non-classic morphology (SET or ambiguous features). Mutations in homologous recombination pathways were seen across all tumor histotypes. High-grade serous carcinomas with homologous recombination mutations were six times more likely to be associated with nonclassic histology (P = 0.002) and were significantly more likely to be platinum sensitive and have improved progression-free survival (PFS) (P = 0.007 and P = 0.004, respectively). In a multivariate analysis adjusted for age, homologous recombination mutation status and increased copy number variants were independently associated with improved PFS (P = 0.008 and P = 0.005, respectively). These findings underscore the potential significance of variant morphologic patterns and comprehensive genomic analysis in high-grade serous carcinomas with potential implications for pathogenesis, as well as response to targeted therapies. Extrauterine Müllerian carcinomas (ovarian, fallopian tube, and peritoneal) are the eighth most common malignancy in women and the fifth most common cause of death from cancer among women in the United States. 1 The 5-year survival for highgrade serous carcinoma, the most common and most lethal of all pelvic Müllerian carcinomas, is approximately 40%. 2 These tumors are difficult to detect in early stage and thus frequently present with metastatic disease. Although most high-grade serous carcinomas are associated with a poor prognosis, some patients with the disease have significantly better outcomes. [3] [4] [5] Germline mutations in BRCA1 and BRCA2 account for the majority of inherited cases of high-grade serous carcinomas, and the recognition of these germline mutations has led to the widespread use of prophylactic bilateral salpingo-oophorectomies to
markedly reduce risk of developing high-grade serous carcinoma in this high-risk population. 6 The BRCA1/2 genes have an important role in homologous recombination, and other genes involved in homologous recombination, such as BRIP1, RAD51C, and RAD51D, have also been implicated as less common sources of genetic susceptibility to high-grade serous carcinoma. [6] [7] [8] [9] Homologous recombination-deficient high-grade serous carcinomas (including BRCA1/2 mutations) depend on alternative, error-prone mechanisms for doublestrand break repair, such as the Polθ/PARP1-mediated alternative end-joining pathway for DNA repair, 10, 11 and subsequently have been shown to have increased sensitivity to platinum chemotherapy and to poly ADP-ribose polymerase inhibitors (PARPi), and improved overall survival. 3, 4, [12] [13] [14] [15] [16] [17] [18] [19] Studies from The Cancer Genome Atlas Research Network (TCGA) demonstrated that nearly one-third of ovarian high-grade serous carcinomas had BRCA1-/2 alterations, which included 20% with either germline or somatic mutations in BRCA1/2 and an additional 11% with BRCA1 epigenetic silencing via hypermethylation. 20 Interestingly, they found that improved survival was limited to high-grade serous carcinomas with mutations in BRCA1/2, and was not seen in high-grade serous carcinomas with epigenetically silenced BRCA1. In addition, it has recently been shown that platinum sensitivity and improved survival in high-grade serous carcinomas is not just limited to patients with BRCA1/2 mutations but also extends to patients with either germline or somatic mutations in many of the other genes involved in the homologous recombination DNA repair pathway. 21 Several studies have demonstrated specific morphologic features that are associated with BRCA mutations in high-grade serous carcinomas. The following features have been shown to be associated with BRCA1 germline mutations: serous or undifferentiated histology, prominent tumor-infiltrating lymphocytes, marked nuclear atypia with bizarre nuclei, and a high mitotic index. 22, 23 Another study examined morphologic features in both BRCA1-and BRCA2-associated tumors that included both germline and somatic events and described a constellation of histologic features, termed 'SET', which included solid growth, pseudo-endometrioid architecture, and transitional cell carcinoma-like morphology. 23 This study also showed a higher mitotic index, an increase in tumor-infiltrating lymphocytes, and the presence of necrosis to be associated with BRCA1 inactivated tumors. Variant high-grade serous carcinoma morphology is more commonly observed in women with BRCA germline mutations and is less likely to be associated with a serous tubal intraepithelial carcinoma, and furthermore, this morphologic phenotype may be associated with a better prognosis and a younger age of onset. 23, 24 However, the morphologic features of high-grade serous carcinomas harboring mutations in other DNA repair genes, including non-BRCA homologous recombination genes, have yet to be described.
The purpose of this study was to characterize the molecular alterations present in ovarian, fallopian tube, and primary peritoneal carcinomas of all histotypes and to identify morphologic correlates with clinically significant and actionable molecular alterations in high-grade serous carcinomas.
Materials and methods

Case Selection
This study was approved by the Institutional Review Boards at Brigham and Women's Hospital and Dana Farber Cancer Institute, and included patients with ovarian, fallopian tube, or peritoneal carcinomas undergoing a targeted next-generation sequencing assay performed on tumor tissue at the Center for Advanced Molecular Diagnostics (Department of Pathology, Brigham and Women's Hospital).
Clinicopathologic Features
The following features were recorded in the cases examined: (1) age at diagnosis; (2) germline mutational status; (3) whether neoadjuvant chemotherapy had been administered before histologic assessment and tumor sequencing; (4) patients' treatment and status at last clinical follow-up based on the electronic medical record. Detailed histomorphologic review was performed on all available H&E slides for each case (mean number of slides per case 15, range 0-78); 54 cases had only a scanned digital slide available for review and 11 cases had no histology available. Tumors were classified as previously described 23, 24 into the following groups:
Classic predominant high-grade serous carcinoma histology: 450% of the tumor demonstrates papillary, micropapillary, or infiltrative architecture, and often desmoplastic stroma (Figure 1a) . Solid, endometrioid, or transitional patterns predominant high-grade serous carcinoma histology ('SET'): 450% of the tumor displays one or more variant features, including solid growth, pseudogland formation, and transitional cell-like patterns (Figure 1b) . High-grade serous carcinoma with ambiguous features: portions of the tumor contain areas diagnostic of high-grade serous carcinoma histology, other regions within the tumor exhibit indeterminate or ambiguous morphology suggestive of endometrioid or clear cell features, but falling short of a mixed type carcinoma diagnosis (Figure 1c ).
The histologic subdivisions in high-grade serous carcinoma described above were applied to chemotherapy-naive tumors on which we had available histologic slides or digital images (n = 80) to avoid potential influence of chemotherapy on tumor histology. The percentage of each tumor containing variant vs classic histology was estimated in each case (in increments of 10%). The presence of serous tubal intraepithelial carcinoma and the finding of endometriosis anywhere within the resection specimen was abstracted from the pathology report.
Targeted Tumor Genomic Sequencing
Formalin-fixed paraffin-embedded tumor samples were digested in proteinase K overnight and DNA was isolated according to the manufacturer's protocol (QIAamp DNA Mini Kit, QIAGEN, Gaithersburg, MD, USA). DNA concentration was assessed using PicoGreen ds DNA detection (Life Technologies, Carlsbad, CA, USA). All cases with at least 50 ng of DNA were subjected to next-generation sequencing of a targeted panel that included the complete exons of 275 oncogenes and tumor-suppressor genes (n = 156 cases) or a targeted panel that included the complete exons of 300 oncogenes and tumorsuppressor genes (n = 18, a newer version of the panel). Ninety-one intronic regions across 30 genes were also included for the evaluation of structural rearrangements. The complete list of the genes interrogated is listed in Supplementary Table 1 . Targeted sequences were captured using a solutionphase Agilent SureSelect hybrid capture kit (Agilent Technologies, Santa Clara, CA, USA), and massively parallel sequencing was performed on an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, USA). Mutation calls were made using Mutect 25 and GATK software [26] [27] [28] (Broad Institute, Cambridge, MA, USA) and gene-level copy number alterations at the level of individual genes were assessed using VisCap Cancer (Dana Farber Cancer Institute, Boston, MA, USA). The sequence reads were aligned and processed through a bioinformatics pipeline to identify single-nucleotide variations and small insertions-deletions. Gene-level copy number variations were quantified as a ratio of fractional coverage of each exon in the tumor sample normalized against the fractional coverage of the corresponding exon in a panel of normal samples. Circular binary segmentation was then used to assemble exons into contiguous multi-exon regions. The copy number data for each segment were then displayed visually and interpreted manually by a laboratory scientist and molecular pathologist.
In addition, mutations in DNA repair genes (DNA repair genes highlighted in Supplementary Table 1) were manually reviewed and classified as either deleterious, variant of unknown significance, or single-nucleotide polymorphism. All nonsense, frame shift, out of frame insertion-deletion, splice site, and translation start site mutations were classified as deleterious. All missense mutations were classified based upon the annotation of the mutation in COSMIC (Catalogue of Somatic Mutations in Cancer; http://cancer.sanger.ac.uk/cosmic) and in the Exome Variant Server (http://evs.gs. washington.edu/EVS/). Mutations reported in COS-MIC as confirmed somatic were included in our analysis. Missense mutations present at 40.1% minor allele frequency in the Exome Variant Server and without somatic confirmation in COSMIC were categorized as single-nucleotide polymorphisms. Finally, missense mutations that did not meet the requirements for a single-nucleotide polymorphism and were not present within the COSMIC database were classified as variants of unknown significance.
Germline Assessment
Germline status was determined by reviewing the electronic medical record of each patient in the study. A subset of the patients in this study (n = 115) had germline genotyping performed as part of their standard clinical care, with 90 patients tested using Myriad myRisk™ (Myriad Genetics, Salt Lake City, UT, USA), 13 cases with OvaNext (Ambry Genetics, Aliso Viejo, CA, USA), and in 12 cases the testing platform was undocumented.
Statistical Analysis
The number of single-nucleotide and copy number variations between groups was analyzed using either an unpaired t-test or a Mann-Whitney test in instances of non-normal data distributions. Categorical data, including the frequency of mutations involving genes in the various DNA repair pathways, as well as the frequency of amplified or deleted genes, was analyzed using Fisher's exact test. Survival curves were generated using the KaplanMeier method, and differences between survival curves were assessed for statistical significance with the log-rank test. Multivariate analysis was performed using Cox proportional hazards regression modeling. Statistical analyses were performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA) and SPSS (SPSS Software v. 20.0, IBM, Armonk, NY, USA).
Results
Summary of Clinicopathologic Features of the Cohort
The study included 174 cases (104 cases from Brigham and Women's Hospital, and 70 cases from outside hospitals) with an average patient age of 58 years (range 25-84 years) and included the following histotypes: high-grade serous carcinoma (n = 138), grade 1 endometrioid adenocarcinoma (n = 5), grade 2 endometrioid adenocarcinoma (n = 6), grade 3 endometrioid adenocarcinoma (n = 1), clear cell carcinoma (n = 10), low-grade serous carcinoma (n = 7), mucinous adenocarcinoma (n = 4), carcinosarcoma (n = 2), and undifferentiated carcinoma (n = 1) ( Table 1) . High-grade serous carcinoma was the only histotype for which a serous tubal intraepithelial carcinoma was reported (22% of cases). Endometriosis was present in over half of the endometrioid and clear cell carcinomas (60% and 56%, respectively) and was seen in association with high-grade serous carcinoma in 11% of cases (Po0.0001, high-grade serous carcinoma vs non-high-grade serous carcinoma).
Forty-nine of the high-grade serous carcinoma tumor samples were obtained status-post neoadjuvant chemotherapy and 89 of the samples were naive to chemotherapy. Eighty chemotherapy-naive highgrade serous carcinomas had histologic slides or digital images available for morphologic analysis; these were further subclassified into the following morphologic subtypes: classic (papillary, micropapillary, infiltrative growth) (n = 40), SET (solid, endometrioid-like, or transitional-like) 23 (n = 12), or 'ambiguous' (classic features as well as areas suggestive of either endometrioid or clear cell features) (n = 28). There was no significant difference in age between the high-grade serous carcinoma morphologic subtypes, with the mean age of classic cases 60 years (range 31-77 years), SET cases 56 years (range 38-68 years), and ambiguous cases 57 years (range 45-70; P = 0.23). For analysis purposes, SET and ambiguous high-grade serous carcinomas were grouped together as having 'non-classic' histology.
Overview of Targeted NGS Results
Across all 174 cases, 565 single-nucleotide variations (including variants of unknown significance) were
Modern Pathology (2016) 29, 893-903 Molecular alterations in extrauterine carcinoma identified. Figure 2 displays genes with either singlenucleotide or copy number variants identified in at least 3% of cases. A complete list of all singlenucleotide variants identified is available in Supplementary File 2. The most commonly mutated gene in the 12 endometrioid adenocarcinomas was ARID1A, comprising 13 mutations in 8 cases (67%), followed by PIK3CA mutations, present in 7 cases (58%) (Figure 2 ). PTEN and CTNNB1 mutations were each seen in 50% of endometrioid adenocarcinomas, whereas only one (8%) had a TP53 mutation (histologically FIGO grade 2). The most commonly mutated genes in clear cell carcinomas were ARID1A, which included 11 mutations present in 7 cases (70%) and PIK3CA, which included 8 mutations present in 7 cases (70%); one clear cell carcinoma harbored a TP53 mutation. KRAS mutations were frequently seen in low-grade serous carcinomas (57%).
There was no significant difference in the mean number of single-nucleotide variants present between neoadjuvant-treated (n = 49) and chemotherapynaive (n = 89) HGSC (5.3 vs 5.1, respectively; P = 0.75). Among high-grade serous carcinomas with morphologic subtyping (n = 80), there was no significant difference in the number of single-nucleotide variants in classic high-grade serous carcinomas (n = 40) compared with non-classic high-grade serous carcinomas (n = 40) (variant or ambiguous morphology), 4.9 vs 5.8, respectively (P = 0.11). The most commonly mutated 77 (74-79) n = 1 0% 0% 0% 0% 100% Undifferentiated carcinoma (n = 1) 57 n = 0 n/a n/a 0% 0% 100%
Abbreviations: DEL, deleterious; EMOSIS, endometriosis; HGSC, high-grade serous carcinoma; NACT, neoadjuvant chemotherapy; STIC, serous tubal intraepithelial carcinoma; VUS, variant of unknown significance. Figure 2 All genes with single-nucleotide variants, indels, or copy number variants identified in at least 3% of the cohort across all tumor histotypes arranged by rows from the most commonly altered gene (top) to the less frequently altered genes (bottom). Single-nucleotide variants and indels are indicated in blue, high copy number gains in red, and two-copy deletions in green.
genes in high-grade serous carcinomas were TP53 (94%), BRCA1 (25%), BRCA2 (11%), and ATM (7%) (Figure 2 ).
Mutations Involving DNA Repair Pathway Genes
Mutations in DNA repair pathway genes were seen across all tumor histotypes (Figure 3a ; Table 3 ). There was no significant difference in the frequency of homologous recombination mutations between the broad histotypes (P = 0.29) and mutations were seen in the following homologous recombination genes in high-grade serous carcinomas: BRCA1 (34), BRCA2 (15), ATM (9), BRIP1 (5), FANCC (1), FANCE (1), and FANCG (1). An associated one copy gene loss, supporting biallelic inactivation, was identified in 42% of the homologous recombination mutations in high-grade serous carcinomas. Mutations involving mismatch repair (MLH1, MSH6, PMS1) and nucleotide excision repair (ERCC2/3/4/5, XPA) were also seen in a smaller fraction of cases across the histotypes ( Figure 3 ; Table 2 ).
Within the high-grade serous carcinoma cases, homologous recombination gene mutations were significantly associated with non-classic histology (70% vs 28% with classic histology, OR = 6.2, 95% CI 2.3-16.2, P = 0.0002) and younger age (57.8 vs 62.1 years; P = 0.005; Figure 3b ). Within the homologous recombination genes, BRCA1 mutations were present in 45% of non-classic high-grade serous carcinomas compared with 8% of classic highgrade serous carcinomas (OR = 10.1, 95% CI 2.7-38.2; P = 0.0002; Figure 3c ). In contrast, the same association was not seen with BRCA2 mutations, which were present in 15% of both non-classic and classic high-grade serous carcinomas (P = 1.00). Ten percent of high-grade serous carcinomas contained non-BRCA homologous recombination mutations, with the most frequent being in ATM (n = 6) and BRIP1 (n = 5) ( Table 2 ). There was no significant difference in the frequency of mismatch repair or nucleotide excision repair mutations between classic and nonclassic high-grade serous carcinomas (Figure 3b ).
Correlation of Somatic and Germline Mutational Status
Germline BRCA1 and BRCA2 status was known in 115 cases (66%), which included 91 high-grade serous carcinomas (Table 3) . Thirty-three (36%) high-grade serous carcinomas harbored known Molecular alterations in extrauterine carcinoma deleterious mutations and 9 (10%) had variants of unknown significance. Deleterious germline BRCA1 mutations were seen in 27 high-grade serous carcinomas. In 23 of these instances, the same germline mutation was found in the tumor; there was evidence of biallelic inactivation by gene deletion in 10 cases and evidence of copy-neutral loss of heterozygosity in an additional 10 cases. Deleterious germline BRCA2 mutations were seen in five highgrade serous carcinomas; in all cases the same mutation was found in the tumor and in three cases there was evidence of biallelic inactivation by gene deletion and in an additional case there was evidence of copy number neutral loss of heterozygosity.
Copy Number Variations
Across all 174 cases, 7512 gene-level copy number variations were identified. High-grade serous carcinomas had significantly increased numbers of copy number variants (median 43.5) compared with endometrioid adenocarcinomas (median 5.0; P = 0.0003) and clear cell carcinomas (median 21.5; P = 0.045; Figure 4a ). In all, 206 (3%) of the copy number alterations were high copy number gains, of which the majority occurred in high-grade serous carcinomas (95%). Genes with two-copy (homozygous) deletions comprised 131 of the events (2% of total copy number variants) and occurred almost exclusively in high-grade serous carcinomas (99%). The remaining copy number events represented low level gains or single copy losses. Approximately 40% of high-grade serous carcinomas (n = 54) had high copy number gains of at least one gene, and overall high-grade serous carcinomas had a mean number of 1.4 genes with high copy number gains per case (range 0-10). There was no significant difference in the mean number of genes with high copy number gains in high-grade serous carcinoma with classic vs those with non-classic histology (1.2 and 0.8; P = 0.24). Genes with high copy number gains in high-grade serous carcinomas frequently occurred in tandem based on chromosomal location. The gene most commonly seen to have high level copy number gain in high-grade serous carcinomas was CCNE1, which was seen in 10 cases (7%) and co-amplified with RHPN2 in 5 cases. Of the 10 cases with CCNE1 amplifications, 4 had morphologic subtyping and all demonstrated classic highgrade serous carcinoma morphology. In addition, all 10 CCNE1 amplified cases were wild-type for BRCA1 and BRCA2. The second most commonly amplified gene with high copy number gains was PTK2 (nine cases), of which six had co-amplification of RAD21. There were eight high-grade serous carcinomas that each had high level copy gains of PIK3CA and PRKCI, of which five occurred in tandem, and six cases with amplified CDKN1B and KRAS. There was a single case of clear cell carcinoma that had high copy number gains of ZNF217. 
Present in tumor Evidence of somatic inactivation
High-grade serous carcinoma (n = 138) n = 91 n = 27 n = 23 n = 10 n = 5 n = 5 n = 3
Classic (n = 40) n = 24 n = 4 n = 2 n = 1 n = 2 n = 2 n = 1 Non-classic (n = 40) n = 29 n = 13 n = 12 n = 4 n = 2 n = 2 n = 1 Approximately 19% of high-grade serous carcinomas (n = 26) had at least one gene with two-copy deletion and overall high-grade serous carcinomas had a mean number of 0.9 two-copy deletions (range 0-35). A single case of clear cell carcinoma had one two-copy gene deletion (TP53). There was no significant difference in the mean number of genes with two-copy deletions within high-grade serous carcinoma subtypes, comparing classic vs those with non-classic histology (0.3 and 0.2; P = 0.598). The most common genes with two-copy deletions in high-grade serous carcinoma were STK11, GNA11, and CDH1, each of which was present in four cases.
There was no significant difference in the number of copy number variants that were present in chemotherapy-naive high-grade serous carcinomas and chemotherapy-treated high-grade serous carcinomas (58.1 vs 60.3, respectively; P = 0.79). Although there was a trend for non-classic high-grade serous carcinomas to have a higher number of copy number variants (median 56.5, interquartile range (IQR) 30.3-106.0) than classic high-grade serous carcinomas (median 44.5, IQR 24.3-64.0), the difference was not significant (P = 0.11; Figure 4b ).
Platinum Sensitivity, Progression-Free and Overall Survival
Platinum sensitivity and progression-free survival data were available for 104 high-grade serous carcinomas. Among these, cases with mutations in homologous recombination genes (n = 48) were significantly more likely to be platinum sensitive (79%) compared with high-grade serous carcinomas without mutations in homologous recombination pathways (n = 56; 54%; OR = 3.3, P = 0.007; Figure 5a ). In addition, high-grade serous carcinomas with homologous recombination mutations had a significantly improved progression-free survival (11 months) compared with those without (7 months) (HR = 0.52, 95% CI 0.3-0.8; P = 0.004; Figure 5b ). There was no difference in progression-free survival between highgrade serous carcinomas with BRCA1/2 mutations (n = 36) and high-grade serous carcinomas with other non-BRCA homologous recombination mutations (n = 12; P = 0.97; Figure 5c ). Progression-free survival data in patients with germline or confirmed somatic homologous recombination mutations were available in 25 and 7 cases, respectively. Although the numbers are small, progression-free survival in patients with high-grade serous carcinomas with germline homologous recombination mutations were not significantly different from those with confirmed somatic mutations (P = 0.6). There was a trend for high-grade serous carcinomas with homologous recombination mutations to also have improved overall survival (94 months) compared with highgrade serous carcinomas without homologous recombination mutations (56 months; P = 0.15).
Among all high-grade serous carcinomas, the presence of greater than or less than the median number of copy number variants (median = 44) was not significantly associated with platinum sensitivity (P = 0.22; Figure 5d ). However, when stratified by neoadjuvant status, neoadjuvant-treated high-grade serous carcinomas with ≤ 44 copy number variants had worse progression-free survival (6 months) compared with neoadjuvant-treated high-grade serous carcinomas with 444 copy number variants (8 months) (HR 3.5, 95% CI 1.5-8.2; P = 0.004; Figure 5e ). This same association between copy number variants and progression-free survival was not seen among high-grade serous carcinomas that were chemotherapy-naive (P = 0.29; Figure 5f ). There was no significant difference in platinum sensitivity (P = 0.25), progression-free survival (P = 0.18), or overall survival (P = 0.56) when high-grade serous carcinomas were stratified by morphologic subtype (classic vs non-classic).
Multivariate Cox regression model analysis was performed using age, neoadjuvant chemotherapy status, homologous recombination gene mutation status, and number of copy number variants (using the median CNV = 44 as a cutoff), and demonstrated that all of these variables, excluding age, were independent predictors of progression-free survival. In this multivariate model, homologous recombination deficiency was associated with improved progression-free survival (HR = 0.5, 95% CI 0.3-0.8, P = 0.008), whereas low copy number variants (HR = 1.9, 95% CI 1.2-3.1, P = 0.005) and neoadjuvant therapy (HR = 1.8, 95% CI 1.1-2.9, P = 0.02) were associated with decreased progression-free survival.
Discussion
The goal of this study was to determine morphologic correlates of molecular alterations seen in 174 extrauterine Müllerian carcinomas and is currently the largest study in which detailed histomorphologic review was performed on all cases, including highgrade serous carcinomas. As has been previously demonstrated, we found that high-grade serous carcinomas were characterized by TP53 mutations and increased number of copy number variants, an indicator for genomic instability. 20 In addition, we confirmed the prevalence of mutations in homologous recombination pathway genes across tumor histotypes, ranging from 25 to 45% of cases. 21 However, it is possible that this number is an underestimate of the actual prevalence, owing to the fact that our targeted panel was not entirely inclusive of all genes involved in homologous recombination, 21 as well as the fact that we were conservative by including only loss-of-function mutations or missense mutations that had been reported previously. In addition, although we did not evaluate epigenetic mechanisms of inactivating homologous recombination genes, such as promoter methylation, it has been shown that patients with epigenetically silenced BRCA1 have similar survival to patients with wild-type BRCA1/2. 20 Although the term high-grade serous carcinoma is currently applied to carcinomas with high nuclear grade and TP53 mutations, this group of tumors displays a range of histologic patterns. In particular, classic features of high-grade serous carcinoma such as papillary or micropapillary architecture are often not present. Traditionally, high-grade Müllerian carcinomas have been subclassified based on the presence of serous and/or endometrioid features. 29 The concept of splitting vs lumping high-grade Müllerian carcinomas has been contentious in the past, with the argument that the clinical outcome and treatment was the same regardless of the subclassification. 30 Since that time, Soslow et al 23 validated the significance of different histologic patterns by describing variant morphologies (SET) in tumors with BRCA germline mutations that are associated with a better prognosis and a better response to chemotherapy. 3, 4, [12] [13] [14] [15] [16] [17] [18] [19] We previously reported on a separate cohort of high-grade serous carcinomas, showing an association between BRCA-positivity and variant histology (SET-like), younger age, a lower frequency of serous tubal intraepithelial carcinoma, and trends toward improved survival. 24 In this current study, we found that mutations in homologous recombination genes were 6 times more likely to be associated with nonclassic high-grade serous carcinoma histology (70%) than with classic high-grade serous carcinoma histology (28%) (P o0.001), and BRCA1 mutations were 10 times more likely to be associated with nonclassic high-grade serous carcinoma histology (P o 0.001) than classic histology.
Mutations involving homologous recombination pathways have a significant influence on platinum sensitivity and survival. By multivariate analysis, we found that homologous recombination mutations were independently associated with improved progression-free survival (HR 0.5, P = 0.008), which correlated with a significantly increased rate of platinum sensitivity in these cases (OR = 3.3, P = 0.007). Interestingly, this improved progressionfree survival was not limited to BRCA1/2 mutations, but included defects in other homologous recombination genes. Homologous recombination-deficient tumors depend on other error-prone mechanisms for double-stranded break repair, such as the Polθ/PARP1-mediated alternative end-joining pathway. 10, 11 The reliance on alternative end-joining repair pathways subsequently renders homologous recombination-deficient tumors more sensitive to chemotherapy as well as to PARPi. 3, 4, [12] [13] [14] [15] [16] [17] [18] [19] Only one PARPi has been FDA approved for the treatment of ovarian cancer, olaparib, and this is only in the setting of BRCA mutation and at least three prior lines of chemotherapy. Our findings further support the work of Pennington et al, 21 suggesting that a broader population of women with ovarian cancer may benefit from PARPi therapy.
It is important to emphasize that the histologic pattern and molecular correlates in high-grade serous carcinomas is not absolute, and may reflect variables yet to be uncovered or resolved. Although we saw improved platinum response and survival in high-grade serous carcinomas with homologous recombination mutations, the same associations were not seen when high-grade serous carcinomas were stratified by morphologic subtype, despite the significant association between homologous recombination mutations and non-classic histology. This could possibly be due to the fact that only a subset (58%) of the total high-grade serous carcinoma cases were available for morphologic subtyping, which limited the power of that analysis. The strategy for assigning tumor type, based on predominant growth pattern, is also subject to error. In addition, it has recently been shown that the morphologic pattern seen in metastatic lesions (infiltrative and micropapillary vs pushing border) of BRCA-associated high-grade serous carcinomas has a significant association with clinical outcome, with the more infiltrative metastatic lesions having a worse prognosis. 31 The current study was limited by the number of slides available for morphologic review with the majority of slides consisting of sections from the primary ovarian/fallopian tube tumor; therefore, it is possible that morphologic subtyping would have had a significant association with clinical outcome if we had been able to assess the morphology of metastatic lesions.
Ovarian high-grade serous carcinomas are known to have high levels of genomic instability, which is evidenced by frequent copy number alterations in this tumor type. 20 We demonstrated that among high-grade serous carcinomas that had received neoadjuvant chemotherapy, the presence of increased copy number alterations was significantly associated with an improved progression-free survival (P = 0.009). This finding remained an independent predictor of progression-free survival in multivariate analyses (P = 0.005). Previous studies have focused on focal changes in copy number and their association with either platinum sensitivity or with survival; 20, 32, 33 however, one study that looked at genome-wide copy number variants in 118 ovarian tumors noted that a greater number of significant copy number changes were detected in the therapyresponsive group compared with the therapyresistant group. 33 This association has not been well characterized and could possibly serve as a predictive biomarker of response to chemotherapy.
In summary, this study has demonstrated that nonclassic histology in high-grade serous carcinomas is strongly associated with mutations in homologous recombination genes. Defects in homologous recombination are not limited to this morphologic subtype, however, as high-grade serous carcinomas with classic morphology, as well as other histotypes also had homologous recombination mutations. Although further work will be needed to tease out the relevance of histologic phenotype, be it a meaningful differentiation pattern or marker for cell of origin, this study verifies that many women with high-grade serous carcinomas may benefit from targeted therapeutic approaches such as PARP inhibitors, and underscores the importance of nonclassic histology in high-grade serous carcinomas and comprehensive genomic analysis to identify the candidates most likely to respond to targeted therapies.
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